In the Amazon region, several residues that have been misused can serve as feedstocks for biochar production with the aim of recovering soils contaminated by heavy metals. However, these biochars need to be firstly tested for their adsorption capacity as well as their physicochemical attributes prior to field application. Therefore, this study aimed to characterize and evaluate the adsorption capacities of Cd 2+ and Cu 2+ of biochars produced from acai (BA), Brazil nut (BN), and palm kernel cake (BK) residues. Biochars were produced by slow pyrolysis at four different temperatures (400, 500, 600, and 700 °C). The physicochemical properties of the biochars, such as cation exchange capacity, ash, recalcitrance index, and aromaticity were enhanced with increased pyrolysis temperature. The adsorption capacities of Cd 2+ and Cu 2+ showed high correlations with the physicochemical properties of biochar, indicating the importance of these characteristics in the adsorption process. Furthermore, the adsorption of Cd 2+ and Cu 2+ also increased with the increase in the pyrolysis temperature. In a competitive system, Cd 2+ exhibited higher adsorption capacity than Cu 2+ for all biochars. In general, BN showed the highest adsorption capacity, followed by BK and BA. Biochars produced from the Amazonian residues have the potential to improve soil quality when used as amendments in the recovery of soils contaminated with Cd and Cu, representing an environmentally sound technology for the reuse of these residues.
Introduction
The economy of the Amazon region is mostly driven by agricultural activities and mineral exploration, which generate large amounts of wastes, such as that from acai, Brazil nuts, and oil palm. For example, the state of Pará is the largest national producer of acai and Brazil nuts, with 215,000 and 34,000 tons of fruits produced in 2017, respectively (IBGE 2018) . The state is also the largest national producer of oil palm, with an average yield of 30 t ha −1 and a total area in production of 218,917 ha by 2014 (Benami et al. 2018) .
Acai pulp has received attention worldwide for its health benefits and antioxidant properties (Costa et al. 2015) .
Represented by a tradition of the Amazon region, the consumption of acai pulp is no longer simply for locals in the northern Brazilian states, since the knowledge regarding its anti-aging properties and the presence of bioactive compounds have spread to many countries of Europe, United States, Japan and China (Wycoff et al. 2015; Yamaguchi et al. 2015) . Nevertheless, the considerable increase in the global demand for acai berry is accompanied by the large generation of waste, which is composed by a fibrous surface endocarp with cellulose (37%), lignin (48%) and extractives (15%), constituting up to 80% of the fruit (Sato et al. 2019) .
Brazil nuts are rich in selenium, fats (unsaturated), proteins, and minerals essential for animals. They are found in large forests located in the south of the American continent (Brazil, Bolivia and Peru) . Although Brazil has the largest planted area, the highest productivity is found in Bolivia (45%) (Cardoso et al. 2017) . The fruits of Brazil nuts are rounded urchins containing an average of 12-25 nuts (Bonelli et al. 2001) . The average yield of nuts is 40% (Homma et al. 2014) , producing 20% of shell residue, which is composed of cellulose (48.5%), lignin (59.4%), and extractives (5%) (Bonelli et al. 2001) .
Oil palm (Elaeis guineensis) has its largest planted area and productivity in Indonesia, and it is used worldwide for human consumption (food and other products), industrial production (biodiesel) and as an organic fertilizer (bark, bunches and residues from the processing process) due to its mineral-rich structure (Luangkiattikhun et al. 2008; Rivera-Mendez et al. 2017; Santika et al. 2019) . The solid wastes from the oil production, such as curls, fibers, barks and palm kernel, can reach up to 22% of the fresh weight of the product (Lee et al. 2017) . Palm kernel is a specific by-product of palm kernel oil production, constituting 3.5% by weight of the fruit (Júnior 2006 ). This material is basically composed of cellulose (45%) and lignin (33%) (Lee et al. 2017 ).
These lignocellulosic by-products can be reused for the production of biochar. Recently, biochar has attracted interest because of its capacity to adsorb metals, thereby acting as a green environmental sorbent in the remediation of soil and water (Huang et al. 2019; Komnitsas et al. 2015; Lehmann 2007; Li et al. 2017a, b; Qi et al. 2017; Uchimiya et al. 2011; Wu et al. 2019; Zhang et al. 2015) . The use of biochar in the remediation of contaminated areas has gained attention because of the usefulness of its properties, such as porosity, high cation exchange capacity, and alkalinity, which can aid in the immobilization of contaminants, reducing their toxicity (Huang et al. 2019; Yuan et al. 2011 ). Since the adsorption capacity of heavy metals by biochar depends on the feedstock, pyrolysis conditions, and type of contaminant (Wu et al. 2019; Lehmann et al. 2006) , it is of great importance to study the physical-chemical properties of the produced biochar prior to use.
The presence of heavy metals, such as cadmium (Cd) and copper (Cu), are of great concern because of their toxicity, carcinogenicity, and mutagenicity (Arán et al. 2016; Li et al. 2017a) . Several studies have demonstrated the ability of biochar to retain heavy metals, including Cd 2+ and Cu 2+ . For example, wood biochar and poultry litter biochar presented potential to reduce the availability of Cd 2+ in solution (Qi et al. 2017) . Biochar from earthworm humus exhibited a decrease in Cu 2+ adsorption with increasing temperature (Zhou et al. 2017) , and biochar from earthworm humus activated with HCl also exhibited high adsorption capacities of Cu 2+ and Cd 2+ .
In this context, biochar production from these residues can be an important ecological alternative for the sustainable development of the Amazon region, since they could solve the problem of waste management and potentially remediate soils from local mining areas. To date, there have not been any studies that focus on producing and characterizing biochars from acai, Brazil nutshells, or palm kernel, as well as evaluating their heavy-metal adsorption potential. Therefore, this study aimed to characterize the physical and chemical properties of biochars produced from acai, Brazil nutshells, and palm kernel and to assess their Cd 2+ and Cu 2+ adsorption capacities in aqueous medium.
Materials and methods

Materials and biochar production
The biomass residues used to produce the biochars are considered disposable by-products, which are generated in large quantities. Acai and Brazil nutshells were collected in urban areas in the metropolitan region of Belém, state of Pará, Brazil. The residues are derived from the production of acai pulp and the removal of Brazil nut shells. After 1 3 the oil extraction of palm kernel pie, a solid by-product is generated. Samples of this by-product were collected from a company located in the state of Pará. The materials were oven dried at 60 °C for 24 h and used for pyrolysis without any grinding. A total of 100 g of each biomass was weighed and placed in porcelain crucibles under limited oxygen conditions (crucibles were capped to minimize oxygen flow). A muffle-type furnace (Quimis, model Q318M24) at the temperatures of 400, 500, 600, and 700 °C with a heating rate of 3.3 °C min −1 was used for the pyrolysis of the materials. The final pyrolysis temperature was maintained for 1 h (slow pyrolysis), and the materials were cooled down to ambient temperature. The biochar samples were ground and sieved (< 0.150 mm) for further analysis and characterization.
Biochar characterization
The biochar yield was calculated from the difference between the mass of the initial feedstock (dry material) and the pyrolyzed material. The pH in water was determined using a solid to solution ratio of 1:10 (Singh et al. 2017) . The cation exchange capacity (CEC) of the biochar was quantified by the modified NH 4 -acetate binding shift method (Yuan et al. 2011) . Briefly, 200 mg of biochar was washed with 100 mL of distilled water to remove the soluble cations, followed by washing with 100 mL of sodium acetate pH 7 (1.0 mol L −1 ). The biochar was washed with 100 mL of ethanol to remove excess Na + . Then, Na + trapped at the exchange sites was displaced with 100 mL of ammonia acetate solution (1.0 mol L −1 ). The CEC was calculated from the quantification of Na + contained in the ammonia acetate solution by microwave plasma atomic emission spectroscopy (Agilient 4200 MP-AES).
The point of zero charge (PZC) was determined according to the pH drift method (Yang et al. 2004) . Briefly, 60 mg of biochar and 20 mL of 0.01 mol L −1 CaCl 2 , which was previously heated to remove CO 2 , were mixed and different initial solution pH values (2, 4, 6, 8, and 10), adjusted by 1.0 mol L −1 HCl and 1.0-mol L −1 NaOH, were used. The mixture was stirred for 24 h in a horizontal shaker, and the equilibrium potential was measured and plotted against the initial pH. The PZC is determined when the initial pH and the equilibrium pH values are equal.
The total C, H, N, and S contents were determined in a PerkinElmer elemental analyzer (model 2400), using 2.00 mg of biochar for analysis. The percentage of oxygen was estimated by difference: O% = 100 − (ash+C+H+N+S). The H/C, O/C and (O+N)/C atomic ratios were calculated to estimate the stability of the different biochars. The EPA method (3050B) ) was used to obtain the total Ca, Mg, K, Zn, Cu, Cd, Mn, and Fe contents, which were determined by microwave plasma atomic emission spectroscopy (Agilient 4200 MP-AES).
The ash content was determined by the combustion of 1.0 g of biochar in a muffle furnace, maintained at 500 °C for 1 h, and later at 750 °C for 2 h (Melo et al. 2013 ). The material was cooled slowly inside the muffle for further weighing. The ash content was determined according to Eq. (1):
in which a = capsule weight and ash residue (g), b = emptycapped capsule weight (g), and c = weight of sample (g).
The volatile content was determined by the ASTM D3175-07 methodology (Eqs. 2, 3):
in which A = dry weight at 100 °C (g), B = weight of biochar after 950 °C (g):
in which %C = mass loss, %D = humidity.
The surface functional groups were identified by Fourier transform infrared spectroscopy (FTIR, Digilab Excalibur, model FTS 3000), ATR mode, in the range of 4000-400 cm −1 , using 20 scans min −1 under a resolution of 4 cm −1 .
The thermogravimetric analyses of the biochar were performed on the TGA 2050 TA instrument, using N 2 atmosphere under a flow of 50 mL min −1 , at a heating rate of 10 °C min −1 . The recalcitrance index R50 was calculated through Eq. (4) using the thermogravimetric data (Harvey et al. 2012): where R50 is the recalcitrance index, and T50 x and T50 graphite are the temperatures at which 50% of mass loss occur for biochar and graphite, respectively.
The microscopic surface analyses of biochar were performed by scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM/EDS). The images were obtained at a resolution of 5 keV.
Adsorption experiment
Adsorption tests were carried out to determine the adsorption capacities of Cd 2+ and Cu 2+ in different types of biochar based on Melo et al. (2013) , with modifications. A total of 0.2 g of each biochar was weighed and mixed with 20 mL of artificial synthetic rain (SRW) (produced by the addition of 0.01 mol L −1 H 2 SO 4 to pH 4.5). Subsequently, 200 μL of 0.2 mol L −1 Cu 2+ or Cd 2+ were added (stock solutions were prepared with CdCl 2 and CuCl 2 , reagent grade), reaching a concentration of 2 mmol L −1 or 224 mg L −1 . The samples
were shaken for 24 h and filtered in a 0.45-μm filter. The adsorption test was performed with Cu 2+ and Cd 2+ separately, and in competition (Cu 2+ +Cd 2+ ). All analyses were performed in triplicate, and blank tests without the addition of biochar or metals were also conducted. The contents of Cd 2+ and Cu 2+ were determined by microwave plasma atomic emission spectroscopy (Agilient 4200 MP-AES).
The amount (Qa) and percentage (A%) of adsorbed metals were calculated according to Eqs. (5) and (6): in which Q a is the amount of adsorbed metal; C i and C o are the initial and final concentrations, respectively (mg L −1 ); V is the volume of the solution used in the adsorption (L); and m is the mass (g) of the biochar used in the experiment.
Statistical analysis
The results of the biochar chemical analysis and adsorption tests were submitted to the Tukey test of means comparison (p < 0.05), using R 3.4.3 software (R Core Team 2017).
Results and discussion
Basic characterization of biochar
The biochar yield was higher for the Brazil nutshell (BN) residue, regardless of the pyrolysis temperature, and the yields of all biochars were reduced with increasing temperature (Table 1) . Increasing the pyrolysis temperature from 400 to 700 °C resulted in a decrease in the yield of BN from 38.5% to 27.9%, from 30.9% to 24.9% for BK, and from
25.4% to 20.9% for BA. At lower temperatures, the more recalcitrant and high molecular weight structures, such as lignin and cellulose, are not completely degraded, which gives a higher yield of the material Liao et al. 2018 ). The feedstocks used have different proportions of lignin (nutshell > palm kernel > acai), which influenced the yield of the respective biochars (BN > BK > BA). The same trend of higher lignin content resulting in higher biochar yield was also observed by other researchers when comparing olive husk with corncob (Demirbas 2004 ). Furthermore, for this temperature range, the obtained yields are compared to those of other studies using pine sawdust (Li et al. 2016) , conocarpus wastes (Al-Wabel et al. 2013 ) and switchgrass (Imam and Capareda 2012) . From an economical and practical viewpoint, higher yield during biochar production might be better. However, this must be coupled with the aim of the end use. For example, for soil remediation the primary focus should be on the sorption capacity and carbon stability.
For all studied biochars, the ash content increased with pyrolysis temperature, ranging from 1.4% to 10.0%; the BK biochar had the highest ash content, and BN had the lowest ash content (Table 1) . For the pyrolysis temperature of 700 °C, BK exhibited 52% and 83% higher ash contents than BA and BN, respectively, which shows the differences in the mineral constituents of the residues (Table S1 ). The contents of inorganic substances such as K, P, Ca, and Mg present in the biomass influence the increase in ash content in the biochar (Domingues et al. 2017 ). These elements are not lost with increasing pyrolysis temperature but are rather only transformed into oxides, hydroxides, and carbonates that are still present in the biochar .
BK presented higher levels of Ca, Mg, Si, K, S, and P and lower C content when compared with BA and BN ( Table 2,  Table S1 ). All biochars presented a homogeneous distribution of basic cations on their surfaces (Figs. S1, S2, S3), which increased with increasing temperature. The organic components, even those that are more persistent such as lignin are degraded with increasing pyrolysis temperature. The pH of the biochar increased with the increase in the temperature from 400 to 700 °C (Table 1) . The values of pH close to neutrality or the alkaline range at the pyrolysis temperature of 400 °C are related to the presence of organic functional groups, such as carboxylic acids, which are not completely degraded. Meanwhile, at temperatures above 500 °C, the greatest contribution is due to the formation of carbonates and oxyhydroxides Liao et al. 2018; Poo et al. 2018) . In a previous study, it was reported that at low pyrolysis temperature (250 °C), Eichornia crassipes biochar exhibited a pH close to neutrality, and at the highest pyrolysis temperature (550 °C), the pH was alkaline due to the formation of Ca and Mg carbonates (Zhang et al. 2015) .
The PZCs of BA (400 and 700), BN (400, 500 and 600) and BK (400) biochars (Table 1) were below 4.5 (SWR), which influenced the cation adsorption, since these low values make the functional groups act as negative species and promote deprotonation (Li et al. 2017a, b) .
The cation exchange capacity (CEC) varied among the different biochars and with the pyrolysis temperature. For all biochars, CEC was higher at 700 °C than that at 400 °C. The highest values of CEC at all pyrolysis temperatures were found for BN and the lowest values for BK (Table 1) . Usually, as the pyrolysis temperature increase the CEC decreases due to the lack of oxygen-functional groups, as indicated in Table 2 and Fig. 1 . However, there is a debate on the appropriateness of the cation exchange based method for CEC determination in biochar samples. There are indications that base cations coming from the dissolution of carbonates and silicates present in ashes can overestimate the CEC, also soluble carbonates in biochar can increase the pH of the replacing solution causing an increase in CEC (Singh et al. 2017 ). This might have occurred in our data, since a pretreatment step of biochar with diluted hydrochloric acid is recommended to decrease biochar pH to near neutral to effectively estimate the biochar CEC at pH 7.0 (Munera-Echeverri et al. 2018) and it was not performed. Therefore, these data should be carefully and critically interpreted.
FTIR
The presence of functional groups varied with the type of biochar and pyrolysis temperature, reflecting the heterogeneity of the surface functional groups (Fig. 1) . The hydroxyl (-OH), methyl (-CH 3 ), ketone (-C=O-), aldehyde (-C=O), and carboxylic acid (C-OOH) functional groups were predominant in BN at the pyrolysis temperature of 400 °C (Fig. 1b) . These functional groups increased on the surface of the biochars with pyrolysis temperature for BN and BK. Only BA continued to exhibit hydroxyl groups at 700 °C (Fig. 1a ). The -OH groups are derived from water molecules or phenolic groups, and the reduction in the intensity of this peak with increasing temperature suggests the loss of ignition of -OH (Yuan et al. 2011) . The presence of -OH groups suggests a more hydrophilic character (Yuan et al. 2013 ). Similar results were found for sugarcane straw biochar (Melo et al. 2013 ) and canola, soybean, and corn biochar (Yuan et al. 2013) .
For all biochars produced at 400-500 °C, carboxylic (~ 1740 cm −1 ), C=C (aromatic), C-H, aliphatic/Si-O, C-H (aromatic), and Si-O functional groups were found. At 600 °C, carboxylic grouping (~ 1740 cm −1 ) remained only in BK, disappearing at 700 °C (Fig. 1c ).
The C-H, aliphatic/Si-O, C-H (aromatic), and Si-O groups were degraded for the BA biochar at 600 and at 700 °C for all biochars, except aliphatic/Si-O for the BK biochar. The reduction of these functional groups is associated with the decrease in the hydrogen content (Table 2 ) and the increase in pyrolysis temperature (Kupryianchyk (Xiao et al. 2014) . The functional groups hydroxyl, methyl, ketone, aldehyde, carboxyl (~ 2300 cm −1 and ~ 1740 cm −1 ), C=C (aromatics), CH, aliphatic/Si-O, and CH (aromatic) are characteristic of cellulose, hemicellulose, and lignin residues that decompose with increasing temperature (Domingues et al. 2017; Taherymoosavi et al. 2017) , with bands that exhibit decreasing intensity with increasing pyrolysis temperature. The surface functional groups directly influence the adsorption process through complexation with metal ions due to electron transfer from a π-molecular orbital of a Lewis base (biochar) to a π-vacant orbital of a Lewis acid (Cr ions) (Samsuri et al. 2014) . Generally, lower temperature biochars preserve more oxygen-functional groups, which contribute to metal sorption via complexation or cation exchange, but higher temperature biochars may increase the ash content and other mechanisms (e.g., precipitation) might increase and dominate the sorption process (Li et al. 2017a, b) .
Elemental composition
The carbon (C) percentage increased with increasing pyrolysis temperature (Table 2) because of the higher carbonization of the organic material at high temperatures (Han et al. 2017a) . The BA and BN biochars showed the highest C contents (Table 2) , ranging from 72.2% to 80.1% and from 69.7% to 80.9%, respectively, followed by BK, which ranged from 64% to 67%.
The BK biochar presented lower C content for all pyrolysis temperatures, which can be attributed to the higher content of inorganic components and the higher ash content of these materials (Tables 1, 2) . The mineral components protect the functional groups of the organic matter from being degraded during pyrolysis Wiedemeier et al. 2015) . A negative correlation between ash and C content was observed in 21 types of biochar and at different pyrolysis temperatures (Wang and Liu 2017) .
The percentage of oxygen (O) and hydrogen (H) decreased with increasing pyrolysis temperature for all biochars ( Table 2 ). The reduction in the content of O and H are related to the degradation of surface functional groups (Fig. 1) and dehydration, depolymerization, and volatilization processes (Han et al. 2017b; . The N content did not vary with pyrolysis temperature. The highest percentages were found for the BK biochar, which is related to the lower concentration of woody compounds. The higher content of N found for the BK biochar compared with BA and BN suggests that BK has a greater potential to immobilize N in soils (Chowdhury et al. 2016) . In previous studies, lower N contents in biochar derived from woody materials were observed when compared with those derived from agricultural residues (Wang and Liu 2017) .
The aromaticity ratios H/C, O/C, and polarity (O+N/C) of all biochars were reduced with increasing pyrolysis temperature. The H/C, O/C, and O+N/C ratios are higher at lower temperatures because of the incomplete degradation of organic materials (Jassal et al. 2015; Wang et al. 2016) . The decrease in the H/C and O/C ratios indicates a reduction of polar functional groups, and increased aromaticity and hydrophobicity, resulting in greater stability and biochar degradation resistance to the environment (Abbas et al. 2018) . Higher carbonization and loss of functional groups of the biochar structure is characterized by a decrease in the O/C ratio (Chowdhury et al. 2016 ).
Thermogravimetric analysis
Thermogravimetry involves the measurement of the degree of carbonization and determination of the thermal and chemical stability of the biochar (Kupryianchyk et al. 2016) . The mass loss decreased with increasing pyrolysis temperature for all biochars, and BA showed greater weight loss when compared with that of BN and BK (Fig. 2) . The lower mass loss found for BK indicates a higher content of aromatic C, which can result in higher stability and resistance to degradation Melo et al. 2013) .
Overall, the biochars exhibited an initial range of mass loss at < 150 °C, corresponding to the loss of water and volatile compounds (Narzari et al. 2017 ). In the biochar produced at 400 and 500 °C, cellulose degradation (Chowdhury et al. 2016 ) occurred in the temperature range of 150-350 °C, while for the biochar produced at 600 and 700 °C, this degradation occurred in the temperature range of 150-450 °C. The degradation of lignin and other fractions occurred at temperatures above 350 °C in the pyrolysis process at 400 and 500 °C, and occurred above 450 °C in the pyrolysis process at 600 and 700 °C. The degradation of cellulose and lignin at low temperatures occurs because of the organic residues still present in the biochar matrix (Narzari et al. 2017) . Biochar with high stability associated with the ability to adsorb metals is an important criterion in remediation studies of contaminated areas (Melo et al. 2013) .
The recalcitrance index (R50) increased with pyrolysis temperature, varying from 0.76 to 1.00 for BA, 0.78 to 1.00 for BN, and from 0.96 to 1.00 for BK ( Table 2 ). The value of 1.00 refers to the recalcitrance of graphite as a measure of thermal stability and recalcitrance of carbon (Kupryianchyk et al. 2016) . Values of R50 close to 1.00 suggest increased carbonization/aromatization of the biochar and loss of N (Kupryianchyk et al. 2016) . The recalcitrance of biochar can be categorized into three groups (Harvey et al. 2012 ): R50 ≥ 0.7 is class A, which means that the material is recalcitrant and resistant to degradation; 0.5 ≤ R50 < 0.7 refers to class B, which means that there is some susceptibility to biodegradation; R50 < 0.5 corresponds to class C, which indicates that the material is susceptible to degradation. All biochars of this study exhibited R50 > 0.7, classified as class A (Harvey et al. 2012) , indicating recalcitrant material resistant to soil degradation. The increase in R50 values with an increase in pyrolysis temperature was consistent with those observed in other studies (Kupryianchyk et al. 2016; Narzari et al. 2017 ).
Microstructural analysis
The biochars showed structural differences with increasing pyrolysis temperature (Fig. S5) . At 400 °C, there was incomplete degradation of the organic material, which led to the formation of uneven and porous areas near flat areas on the same surface ( Fig. S5a, e, i) . The BN materials ( Fig. S5e-h) showed higher degradation and cavities (high surface) when produced in the same pyrolysis temperatures, compared with those of BA ( Fig. S5a-d) and BK ( Fig. S5i-l) . Ash components can block and reduce the number of pores because of the protection afforded by the mineral components, hindering the process of thermal degradation of the organic material . As the pyrolysis temperature increased, there was the formation of an irregular surface with more cavities for BN than with the other biochars. Higher pyrolysis temperatures produce greater amounts of pores and irregular surfaces due to the volatilization of the organic components, degradation of functional groups, and decrease in the atomic ratios (Dong et al. 2017) . Higher biochar porosity is beneficial for promoting soil quality, as there is higher water and nutrient retention, serving as a habitat for microorganism symbiosis (González et al. 2017 ).
Adsorption of Cd 2+ and Cu 2+
The adsorption of Cd 2+ and Cu 2+ onto the biochars was significantly (p < 0.05) higher at the pyrolysis temperature of 700 °C, although for BN and BK the differences were small (Figs. 3, 4) . The increase in pH values with the increase in the pyrolysis temperature probably contributed to higher adsorption of Cd 2+ and Cu 2+ (Tables 1, 2) , since pH is one of the most influential properties in heavy-metal adsorption processes . Other studies have shown similar results showing that the increase in pyrolysis temperature caused an increase of metal sorption capacity (Melo et al. 2013; Kim et al. 2013) . Using Zn K-edge EXAFS spectroscopy, Qian et al. (2016) showed that precipitation and formation of new mineral phases are the main mechanisms of Zn 2+ retention in higher pyrolysis temperature. Furthermore, Penido et al. (2019) found that complexation and precipitation were the predominant adsorption mechanisms when studying Cd 2+ retention by phosphorus/magnesiumengineered biochars. In our study, we could not rule out the effective retention mechanisms. Nevertheless, precipitation with soluble anions and surface precipitation with the The adsorption capacities of the studied biochars, especially at 700 °C, were higher than biochars made from wood shaving (5.46 mg g −1 ) (Qi et al. 2017) , hickory (0.98 mg g −1 ) (Ding et al. 2016) , or even nut shield magnetic biochar (4.61 mg g −1 ) (Trakal et al. 2016) .
The pyrolysis temperature also influenced the adsorption of Cu 2+ , since the higher the pyrolysis temperature the higher the adsorption capacity (Fig. 4) . For the three biochars, the highest difference was observed for the lowest temperature (400 °C). For example, for BA there was no difference (p < 0.05) between the pyrolysis temperatures of 600 and 700 °C (Fig. 4) , which can be attributed to the similar ash content of the materials, 4.2% and 4.8% (Table 1) , respectively, and the presence of similar functional groups (Fig. 1a) . The relative adsorption capacity for the BA biochar produced at 400 °C was as low as 4% when compared with the temperature of 700 °C. The BN biochar in the range of 500-700 °C showed similar Cu 2+ adsorption capacities (p < 0.05), which can be attributed to the similar alkalinity (including pH and ash content) of the materials (Table 1) . The BN Cu 2+ adsorption capacity at the pyrolysis temperature of 400 °C was ~ 20% lower than that for the pyrolysis temperature at 700 °C, which can be attributed to the slightly lower pH and ash content ( Table 1) .
The BK biochar produced at 700 °C adsorbed 64% more Cu 2+ than at 400 °C, which is related to the higher values of ash content, pH, as well as a higher surface porosity (Fig. 1,  Fig. S5 ; Table 1 ). For Cu 2+ , the ash content and surface precipitation might have had a lower role on adsorption than it had for Cd 2+ . Furthermore, Cu 2+ has a strong affinity for oxygenated functional groups such as hydroxyl, carboxyl, and Si-O (Zhou et al. 2017) , being chemically adsorbed by these functional groups.
All biochars produced at 700 °C showed Cu 2+ adsorption capacities higher than several other biochar materials found in the literature, such as pine biochar (1.47 mg g −1 ); jarrah biochar (4.39 mg g −1 ) produced at 700 °C (Jiang et al. 2016) ; pistachio shells biochar (1.17 mg g −1 ) (Komnitsas et al. 2015) and also activated and non-activated Miscanthus biochar (4.1 and 4.3 mg g −1 ) (Cibati et al. 2017) . This shows that the performance of these biochars were satisfactory considering they were not engineered or further processed after pyrolysis aiming to increase their Cu 2+ and Cd 2+ adsorption capacities.
The competitive adsorption capacities of Cd 2+ and Cu 2+ increased with pyrolysis temperature, except for Cd 2+ in BN, at the pyrolysis temperatures of 500, 600, and 700 °C (Fig. 5) . The adsorbed amounts of Cd 2+ and Cu 2+ obtained the highest correlations (Table S2) with the same chemical characteristics (ash, pH, and CEC) and recalcitrance index ( Table 2) .
Cadmium adsorption in the competitive system was lower than that in the individual solution (Figs. 3, 4, 5) for all biochar and pyrolysis temperatures, suggesting that Cu 2+ occupied part of the Cd 2+ adsorption sites. The reduction in Cd 2+ adsorption when in solution with Cu 2+ suggests that the two elements have an affinity for the same active sites (Park et al. 2017; . In a competitive system, Cu 2+ can replace or be preferentially adsorbed in relation to Cd 2+ , which can be attributed to greater electronegativity and lower hydrated radius (Park et al. 2016; Poo et al. 2018 ).
Conclusions
Pyrolysis at 700 °C for all produced biochars provided enhanced physicochemical characteristics, showing the potential of the materials to be used in the recovery and improvement of soil contaminated with heavy metals. The biochars were successful as adsorbents for Cd 2+ and Cu 2+ , which increased the sorption capacity with the increase in pyrolysis temperature. The BK biochar produced at 700 °C adsorbed more Cu 2+ than the BA and BN biochars. The adsorption capacities of Cd 2+ and Cu 2+ showed high correlations with the physicochemical properties of biochar, indicating the importance of these characteristics in the adsorption process. Thus, biochars derived from acai, Brazil nutshell, and palm kernel residues present significant potential to be applied as amendments to remediate areas contaminated with Cu 2+ and Cd 2+ . The production of these biochars is considered an environmentally sound technology for the reuse of Amazonian residues.
